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Preface

This report is the fourth concerned with research accam=
plished in connection with Navy Contract N onr ~ 423(00), between
Dunham Laboratory, Yale University, and the Office of Naval
Research, Department of the Navy. The problem considered in the
research is that of the operation of vacuum-tube power amplifiers
with complex load impedances. In the preceding re.c.ts, the use
of triodes, tetrodes, and pentodes in such amplifiers wes
considered from a theoretical viewpoint. In the accompanying
report is given a description of experimental work on a high~
power pulsed amplifier taken from a naval sonar systcmn,

The research was carried on by J. G, Skalnik and

W. J. Cunningham; the report was written by the undersigned.

W, J. Cunningham
New Haven, September, 1952
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instantanecus plate woltage

minimum value of e, (only eyr;:bol for which m signifies a
ainimum

d-c plate supply voltage
instantaneous control=grid voltage
maximum positive value of LY
d- ¢ control-grid supply voltage
instantaneous screen=grid voltage
d-c screen—-grid suppty voltage

instantansous suppressor-grid voltage

a~c¢ camponent of e cl
maximum amplitude of 7
a-c component of €y
maximua amplitude of ep

reference voltage for normalization

frequency of operation

equivalent perveance, applying to plate current only
instantaneocus plate current

maximum value of ib

instantaneous control-grid current

maximumm value of i cl

maximum amplitude of fundamental camponent of i cl
maximun amplitude of fundamental component of ib
total instantaneous space current

maximum value of i3

reference curivnt for normalization
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&~c power in plate~circuit load

time

mgnitude of plate load impedance

angle of plate current. flow

sxponent in equation lor ib

angle of plate load impedance
control-grid-to~screemrgrid amplification factor
control-grid-to~plate amplification factor
angle betwsen e g and -ep




abstract
In several reports issued previously, a theoretical analysis
has been given for the stezdy-state operation of a vacuumtube
power amplifier with a complex load impedance. This theoretical
work was checked experimentally with amplifiors operating in the
steady state at low power levels, One applicatiaon of an amplifier
which scmetimes must operate with a complex load impedance is in

naval sonar equipment. Such a sonar amplifier produces short

pulses of high-froquency energy at power levels that are quite
high. In the accompanying report is given a description of tests

made using the amplifier from a Type XQHB sonar system, Experi-

mental measurements were made on the amplifier and compared with

i characteristics of the operation predicted from the theoretical

analysis, Agreement between experiment and prediction is

! moderately good. Reasons for disagreement include the difficulty

L ———

of experimental measurement with pulsed operation, and the fact
that the assumptions used in the theory are satisfied only
reasonably well by the amplifier,
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I, Introducticn

In same kinds of equipment, it is desirable to obtain electiical
energy in the form of short pulses of alternating current, Character—
istically, the frequency of the current is high enough that many cycles
of the carrier take place within the envelope of a single pulse,
Typical pulses occur separated by appreciable time intervals, so that
ths duty factoro is a number much less than unity. Under such conditions
of operation, the peak power developed during the pulse is many times
the average power measursd over an interval including several pulses,
The temperature rise of components having usual physical dimensions
depends upon the power dissipated in them over relatively long time
intervals, Thus, the operating temperature of equipment generating
pulses of the sort just described depends upon the powers averaged over
appreciable time, and these averages are only a fraction of the peak
powsrs developed during the pulse. Therefore, equipment generating
energy as pulses with small duty factor can be composed of components
much more campact than would be required for steady-state operation
at the power level of the pulse,

There is, of course, a build~-up and decay at the beginning and
end of each pulse, and these represent transient types of operation.
Dur‘ng the pulse itself, however, there usually are many cycles of the
oscillation, and the operation is essentially a steady-state type, An
anaulysie based on steady-state operation should be applicable during
the interval of the pulse, Associated with the beginning and end of the

pulse, however, may be naw phenomena that do not appear in steady-state

_pulse duration
interval betweoen pulses

duty factor =
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Vacuum-tube amplifiers, designed for Ciass~C opsration, are commonly
used in certain systems for generating pulses of high~frequency snergy.
The use of electronic equipment allows the properties of the pulse to be
controlled rather easily and with coneiderable flexibility, Furthermore,
large power can be obtained with components that physically are not too
bulky. Power amplifiers of this lkdnd perform most efficiently when the
load into which they operate is a pure resistance. Unfortunately, certain
applications sametimes require that the load impedance be complex,
An extensive theoretical analysis of the operation of vacuum~tube
power amplifiers with complex load impedances has been carried out.l
This analysis is based on a number of assumptions needed to simplify a
problem that inherently is quitc complex, These assumptions include,
first, that the a-c plate and grid voltages of the amplifier tube are
ginusoidal functions of time, This assumption implicitly involves the
additional assumption of steady-state operation, Further, it is assumed
that the static characteristic curves for the tube can be represented
by simple algebraic cquiatiovns, This assumption rules out several
phenamena that may occur in an actual tube, such as secondary emission
and cathode saturation, and limits operation to frequencies low enough
that transit-time effects are negligible., Finally, the d-c resistance

of the load impedance of the amplifier is assumed to be negligible,

- e W e @ W @ ww W W > W=

l, W, J. Cunningham and J. G, Skalnik,

Report No, 1, Triode power amplifjers with complex load impedances,
April, 1952

Report No. 2, Power amplifiers using pentodes or beam tetrodes with
compiex load impedances, August, 1952

Report. No, 3, Desisn procedures for vacuum-tube power ampljfiers with

complex load impedances, October, 1952
Contract N onr = 433(00), Dunham Laborateory, Yale Uriversity
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The results of this analysis are presented in two forms, One form
is a collection of equations fram which calculations can be made applying
to any desired situation, Another form is a family of design charts
plotted with normalized coordinates, Once certain parameters applying
to any chosen tube are determined, these design charts can be used to
allow a quick ostimate of the operation of that tube as an amplifier

in a wide range cof conditions,

II, Application of Analysis to Pulsed Amplifiers

The steady—-state analysis of a power ampliier applies to triode,
beam tetrode, or pentode tubes, ™ulsed amplifiers cammonly operate with
a d-c plate supply voltage that is quite high, It is desirable that

the d-c and a~c voltages necessary ai che control grid of the tube be

e e e A e T P g

a8 low cs possible, The control grids of tetrodes or pentodes can

operate at relatively lower voltages than those of triocdes, and thus

triodes are less suitable for use in pulsed anplifiers. Only tetrodes
and pentodes are considered in the present discussion of pulsed
amplifiers,

!
|
f

In most respects, tiie analvsis of a Class~C amplifier operating
in the steady state is applicable to its operaticn as a pulsed amplifier,
80 long as many cycles of the oscillation occur during the pulse, There
are a few differences in the operation of the pulsed amplifier that
are worth consideration, however, Some of these differences are
fundamental to the type of operation, and some are properties peculiar
to the apparatus used in the two kinds of amplifiers, Among the Aif-
ferences are the following,

1, An assumption basic to the steady-state analysis is that the

~

static characteristic curves of the amplifier tube can be described by

L

simple algebraic equations, This assumptinn applies fairly well for



4
many tubes comcily used in steady-state amplifiers, It applies rather

legss well to sumc tubes designed for pulsed amplifiers. An example of
tue difference is shown in the curves of Figs., 1 and 2, taken from
manufacturer! s data2 and applying to Type 814 and 715~C tubes
respectively, The Type 814 is a beam pentode with 50 watts rated plate
dissipation, norrally used in steady-state operation. The Type 715-C
is a tetrode with 60 watts rated plate diss.pation, designed for pulsed
operation,

The equations used in the analysis to represent the static curves
for a tetrode or pentode neglect the effect of plate voltage upon plate
current, It is evident from Fig. 1 that this assumption holds fairly
well for the Type 814 tube, so long as the plate voltage is greater than
about half the screen voltage, Froam Fig., 2, howsver, it is seen that
the assumption is rather poor for the Type 715-C tuvbe, where the plate
current changes more rapidly with plate voltage. The knee of a plate=
current curve for the Type 715~C is more rounded and occurs at a rela=
tively higher plate voltage than for the Type 814, There is an

additional effect not apparent in the curves shown. The negative

control-grid voltage needed to give plate-current cutoff in the Type
715-C is abrormally large, Tiils corresponds to a considerable reduction
in the control-grid-to-screemgrid anplification factor, Bi09 in the
neighborhood of cutoff, The gnalyzis, based on the independence of
rlate current and plate voltage, and the constancy of factor By is
less accurate when applied to an amplifier employing a tube such as
the Type 715~C,

2, The design of an amplifier opersting in ine steady state is
usually such that the plate, and perhaps the grids, of the tube

@ w W@ W @ w =

- A W W W WP W W w W N W W W W W W W @ @ @ wm = W w w =

2+ RCA Tube Handbook, HB~3, (Radio Corporatior of America, Harrieon,
New Jersey).,
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dissipate the maximm amount of power, This maximun power is specified

by the manufacturer of ths tube so that the tesperature rise of the
electrodes will not be too large, Other limiting factors in the design
may be set by maximum specified voltages or currents, but usually pcwer
dissipation is the ultimate “imjtation.

Often a pulsed amplifier is operated with a duty factor that is
small enough that power dissipation in the electrodes of the tube is
not the ultimate limitation. Instead, the peak voltages allowable
before insulation breaks down, or the peak currents that can be
supplied safely by the cathode, become the real limitation, whether it
is the average power, cr the vcltages and currents, that control the
design depends upon how large the duty factor may became, If the power
proves tc be unimportant, the design procedure given ‘n the analysis
(Ref. 1) must *: mcdified,

3. Tubes are usually operated in steady—-state amplifiers so that
the peak cethode=current density is heid to a conservatively small
value, During a cycle of the operation there is no serious difficulty
in obtaining the required instantaneous current. In pulsed amplifiers,
‘iowever, the peak cathode~-current density often is allowed to become
80 large that it is obtained only with real difficuliy, If this is the
case, the current may fluctuate erratically and unpredictably near its
peak value, and the phenomenon of cathode fat:lgue3 may appear. Noune
of these effects arec considered in a simple analysis of the amplifier.

4o In a Class-C amplifier operating in the steady-~state, plate
current flows fcr less than half each ¢ycle of the carrier wave, Thus,

the plate current is a sequence of pulses having a shape dcpendent upon

3, G, N, Glasoe and J, V, Lubicqz, Pulse generaters, (McGraw=Hill,
NGH York’ 19168), Ch. 30
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the axact operating conditions. The flow of these pulses through thLe

plate load impedance gives rise tc the a~c plate voltage, This voltage
is assumed to be a sinusoidal function of time, Evidently a esinusoidal
voltage at the fundamental frequency of the carrier will be obtained
only if the impedance of the plate lcad is relatively high at this
frequency, and relatively low at all harmonics of this frequency, as
well as at zero frequency. A tuned load having a reasonably high
circuit Q is indicated..

Samewhat conflicting requirements on the plate load impedance
appear if the amplifier is pulsed, During the pulse itself, essentially
steady-state operation takes place and the filtering provided by a
high-Q load is desirable., The transient effects at the beginning and
end of thc pulse may lead to difficulties, however, Exactly what does
00\.\1!‘0 depends upon how rapidly the envelope of the pulse rises and
falls, whether the load is tuned to the frequency of the carrier within
the pulse envelope, and what the Q of the load is, If tho carrier
frequency differs slightly from the frequency to which the load is
tuned, and if the pulse envelope rises abruptly, a idnd of ringing may
occur in the envelope of the voltage existing across the load. The
resulting overshoot in the envelope leads to the appearance of excessive
voltages across the load, and these may cause unexpected breakdowns,
Such irregularitie: in the pulse envelope are¢ prevented by limiting
both the Q of the load impedance and the rate of rise of the pulse
envelope,

5¢ Rectifier cystams are commonly used to provide sources of
direct current for the amplifier. Power is surplied to the rectifier

at the usual low power-line frequencies, In steady-state operation,

- e @ @ w W = W @ W@ @ @ @ w E ey @ EW = W W W e @ s W TP @ W @ w W = @ W
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conditions are such that the rectifier operates at a constant rate and
supplies the same current during each cycle of conduction,

For pulsed operaticn., the currents recuired oy the amplifier during
the pulse are many times those that can be supplied by the rectifier,
as it is usually designed, Thus, the rectifier must supply energy to a

large capacitor for storage during an appreciable interval, and this

stored energy is utilized by the amplifier during the pulse, As a result

of this design, the d-c voltages applied to the amplifier tube charac=
teristically drop considerably during the interval of the pulse, This
voltage change is nci considered in the analysis of thu steady-state

ampiifier,

III, Experimental Pvlsed Amplifier

One of the applications or .. ' -=- . vacuum-tubce amplifiers,
operated sc as tc produce pulses, is in certain types of navzl scnar
systems., In such systems a pulse of high=frequency sowund encrgy is
produced by a suitable electramechanical transducer supplied with a
pulse of electrical energyes The elsctriczl pulse is obtained from a
vacuur~tube amplifier, The load to which the amplificr must supply
power consists of a matching transformer coupling the amplifier to the
transducer, The electrical impedance of this combination is a com=
plicated function of frequency. The transducer often consists of a
large number of components, esach tuned mechanically and electrically.
These components ars comnacted in parallel, vossibly with additional
elements added for overall tuning, The electrical impedance presented
Lo the amplifier by this load is almost certain to have several maxima
at different frequencics,

In order that the electromechanical transducer operate most

effectively, it should be supplied with energy at its frequency of

— i - g —_
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mechanical resonance, and this ideally should be the operating frequency

for the system., For most efficient operation of a Class~C amplifier,
its load impedance should be a resistance with zero phase angle, Thus,
the electrical tuning in the circuit should be cljusted to make the
impedance presented to the amplifier tube a resistance at the operating
frequency. These criteria govern the normal adjustment of the sonar
amplifier and its load,

Under same conditions of use, the operating frequency of the sonar
system muet be changed., Because of the large number of componente
involved, it is impractical to attempt readjustment of the tuning of
the load circuit, At the new frequency, the impedance presented to
the amolifier is no longer resistive, but acquires a phase anglc different
from zero. The efficiency of the amplifier thereby is reduced,

In order to study experimentally the operation of such an amplifier
working with a varizty of load impedances, the driver amplifier of a
Type XQHB sonar system was obtained.e The Type XQHB system was designed
initially almost ten years ago, but the circuits are typical of more
recent equipment,

The circuit for the final stages of the amplifier is shown in
Fig., 3. The last stage emnloys two Type 5D21 (or their equivalent,

Type 715-B) tubes connccied in parallel, These tubes operate with a
high value of d=c plate voltage, and with d-c¢ control=-grid and screem=
grid voltages chosen to insure plate-current cutoff during periods of
no pulse. When a pulse of energy is to be produced, a large a—~c voltage
is applied to the control grids, causing the tubes to function as
Class~C amplifiors, This grid voltage is supplied by a driver amplifier,
also employing a Type 5D21 tube opcrated Class~C,

This amplifier was one of several similar units sugplied as a loan to

Dunham Laboratory by the U, S, Navy Underwater Sound Laboratory, at the
request of the Office of iiaval Research,
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The d-c voltages for all the tubes are obtained fram ractifier

circuits operated from the 60~cps power line, These power supplias
make use of transformers and rectifier tubes so small that they cannot
provide the large currents necessary during a pulse, Therefore, large
capacitors must be used in each power supply circuit to store energy
during the periods between pulses, and to provide the bhurst cof energy
needed fcr the pulse, These capacitors are shown in Fige 3, but the
remaining parts of the power sunnlies are not shown,

In order to prevent the occurrence of parasitic oscillations of
high frequericy, small r-f choke coils and resistors are inserted in all
of the control-grid and screem=grid leads,

An a-c pulse must be provided at the input terminals of the driver
amplifier, A rather complicated circuit is used in the Type XQHB sonar
to supply this signal, In the interests of simp)  ity, experimental
work on the Type YQHB was carried out using a separate source for this
pulse signal, The pulse-generating and voltage—anovlifier circuits of a
Type PRO sonar system were used.0 A block diagror of the resulting
cambination is shown in rige 4e The circuits for the driver amplifier
and power amplifier of Fig, 4 are those shown in Fice. 3, The circuits
of Fig, 4, preceding the driver amplifier, include an oscillaunr which
is controlled by a pulse=generating circuit. When this circuit is
keyed, the oscillator produces an a=-c pulse at the frequency desired
for the carrier, Following the oscillator is a voltage amplifier and a
gain controvl, The amplitude, carrier frequency, and pulse curation of

the signal supplied to the driver amplifier can be adjusted simply,

This equipment was among the items supplied by the Underwater Sound

Laboratory.
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Fig.5. Adjustable -impedance load circuit
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The power amplifier of the Type XQIUR made use of a tightly=ccupled
air-core transformer for matcning the amplifier tubes to the transducer.
In the experimental work, it was desirable to have 2 load impedance
that coulu be varied within fairly wide limits, both in magnitude and
in angle, Some preliminary impedance measurementc indicated that the
original transformer did not lead itself to such wide variations in
impedance as were desired, The fixed tight coupling between primary and
secondary of the transformer prevented adequate adjustmert of the
impedance, 4 different kind of load circuit was implied,

The load circuit that was used in the experimental work consists
of a double~tuned air~core transformer, with adjustable coupling between
the windings, Its configuration is shown in Fig, 5 The primary and
secondary coils are wound with number 18 wire on fiber tubes of the
dimensions shown, The primary contains 57 turns and the secondary
contains 50 turns, both coile having the spacing between adjacent
turns controlled to give the winding lengths shown, The secondary is
arranged to glide coaxially into the primary, with an arbitrary scale
divided into inches serving to identify their relative positions,
Capacitors C1 and C2 and resistance R, all adjustable in steps,
together with the conuvinuounly=adjustable coupling, allow the input
impedance of the load circuit to be controlled over a wide range., Care
was taken in the construction to use camponents which would withstand
the high peak voltages and currents existing in the load during the
pulse from the amplifier,

The operating frequency for the system was chosen to be 29 kilo-

cycles, At this frequency, the impedance presented at the input terminals

of the load is shown in Fige. 6, These curves are plotted from data

obtained bty experimental measurements. There are four regions of Fig. 6,

—— — e ———— 2 . m— - -
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with values of capacitances Cl and 02 being constant in any one region.

Within a given region, control of the iocad impedance is achievea by

Laan  Rade olndl ool g’ 2 A

: simultanscus adjustment of resistance Kk and of the coupling, The
coupling as indicated on the scale of inches is given the symbol K in
Fig. 6.

Typical curves showing the variation of the magnitude of impedance

with frequency for three adjustments of thec load are shown in Fig. 7. '
Each adjustment gives the magnitude of 500 ohme at the frequency of |
29 kdlocycles, One adjustuent gives an angle of zero; the others give :
angles of 45 and 60 degrees, inductive impedance, at this frequency. |
| The parame.crs for the 45 degree angle do not happen to be those given
P in Fig. 6, but are an alternate combination. The curves of Fig, 7 show
i that the impedance is large in magnitude near the operating frequency
of 29 kilocycles, The curves continue to fall smoothly as frequency
| rises, so that thc impedance is small at harmonics of the carrier
frequency., This ccndition is necessary in order that the a-c voltage
across the load be nearly sinusoidal when it is used in the Class=C
amplifier,

The two peaks on the curve for the 45-degree angle at 29 kilo=

cycles are typical of an over-coupled double-tuned system vith smsll

danmping in each circuit, In preliminary tests an attempt was made to

use the original transformer of the Type XQHB to give impedances of

this sort, It was found that the coupling of this transformer was so
tight that the double pcaks were widely separated in frequency. As a
result, the .mpedance was not emall at harmonics of the carrier frequency,
and the a-c plate voltage of the amplifier would not be sinusoidal.

Since the amplifier is operated in prlsed fashion, it is necessary

TR e S PSP TR SR W g ——

tc use oscilloscopes for measuring the various voltages existing in
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the system during a pulse, Calibrated voltege dividers =2t tue control
grid and plate of the power amplifier tubes serve to reduce the a-c
voltages at tl2se points to values small enough to be applied to an
oscilloscope, A small resistor in the cathode circuit of the tubes
allows the cathode current to be measured. The oscilloscopes operate
with a single sweep for horizontal deflection., The sweep is triggered
from the keying circuit of the oscillator,

IV, Experimental Cbservations

According to the circuit diagram accompanying the 1lype XQIB system,
the d=c plate voltage for the power amplifier is supposed to be 4200
voltse In the particular unit that was uscd for the cxperiments, this
voltage could not be raised so high, A choice of Ebb = 3000 volis was
made arbitrarily for all experimental measurements, This voltage
could be adjusted by means ol a control in the powe: supply. The

lower voltage reduces the maximum pcwer output which cen be obtained,

approximately in the ratio of the squares of the voltages, The d-c
screen-grid and control-grid voltages could not be adjusted easily.
Their values were as follows, screen—-grid voltage Ec2 = 380 volts,
control-grid voltage for the driver amplifier (Ecl)d = 220 volts, and
eontrol-grid voltage for the power amplifier (Ecl)p = 320 volts, These
grid voltages agree well with values specified for them,

In normal operation, the duration of the pulse produced by the
Type XQHB is in the order of thirty milliseconds, This duration is
long enough, and the currents necded by the amplifier are high enough,
that ail the d~c voltages drop oy large fractional amounts during the
pulse, Furthermore, the Type 5D21 tubes uced in the power amplifier
were designod for radar pulsc generators operating with pulses in the

order of one microseccnd duration. The pulse duration of the Type XQHB
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is 30,000 times as lmang, If a pulse duration less than normzl i3 used,
the change in d-c voltages is reduced and the tubes are worked less

L severely, For this reason, all experimentz=l data were taken witn a2
puise duration of about three, rather than thirty, mdlliseconds,

The keying system is such as to produce a pulse envelope at the
input to the driver ampiifier which changes smocthly and has rounded
corners, The tuned transformer in the plate circuit of the driver was

‘ fovnd to have so little dissipation that the decay of the pulse was
prolonged by a continuing transient oscillation. In order to prevent
this extension of the pulse envelope, a resistor 1000 ohms in value was
added across the secoundary of this transfrrmer, With the extra resistor,
the pulce envelope at the grid of the power auplifier is essentially the
eame as at the grid of the driver amplifier,

The carrier frequency during a pulse was held constant at 29 kilo=
cycles, This is a tyoical frequency of operation for sonar systems,

The fixed tuning of the plate transformer of the driver amplificr wvas

adjusted to this frequercy,

The special load circuit was used as the plate load impedance for
the power amplifier, Through the use of the curves of Fig. 6, this
load circuit could be adjusted to give e wide range of real or complex

impedances of known value,

H Experimental dat: were taken for the power amplifier operating
under the conditions described, The gain control was used to adjust
the a-c grid voltage of the power amplifier to a desired value, The

plate load impedance then was varied and measurements were made of the

a-c plate voltage. The m:asurements were taken to the peaks of the

voltage pulses on the oscilloscope figures, All the voltage dividers

— . G

and oscilloscopes were calibrated to allow the trace on the screen to be

interpreted direc:ly in volts,
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Reproductions of oscillograms showing typical waveforms in the
amplifier are shown in Figs, 8-11, These figures were made by photo~
graphing the screen of the c¢scilloscope, The resulting photograph was
then enlarged, traced in ink, and axes added, The individual cycles
of the high-freguency carrier were visitle within the pulse envelope of
the orizinal photograph, but no attempt was made to reproduce them in
the tracing,

In kFig, 8 is shown the high=freguency pulse at the grid of the
power amplifier, This oscillogram was made with the gain control set at
its maxdmun value, The corresponding pulse across the load impedance
of the power amplifier is shown in Fige 9 In both cases, the load
impedance was Zb = 500 onms in magnitude, and 9 = 0 in angle at the
carrier frequency., Tne envelope of the pulse changes relatively
smoothly,

In Fig, 10 the time scale is expanded so an individual cycle of the
grid voltage of Fige 8 can be seen, The distorticn rresent cc the poid
becomes positive and grif current flows is apparent, For lower values
of a=-c grid voltage, lecs distortion occurs, An individual cycle of
the space current is showm in Fige 1l. This pulse is asyrmetrical,
since the distortion of the grid voliage has caused it to te asymmetrical,.
Because of filtering action of the plate load impedan..: of the power
anplifier, individual cycles of the plate voltage are essentially
sinusoidal in shape, and they are not suown,

All the numerical measurements of voltage and current are obtained
with some difficulty, Observations must be made during the relatively
brief pulse, None of t.ae voltages remain constant during the pulse,

The d-¢ voltages change because of the inability of the power supplies

to furnish the necessaty large currents, The a~c grid voltage changes
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because it is influenced by loezding due to tire fiow of grid current,

and this is a function of the changing d-c voltages, The grid current
; depends upon how positive the grid becomes, This depends, in turn,

upon a small difference between a-c and d-c grid voltagos, both of

which are large, As a result of these various considera*ions, all '

et el 48

voltage measurements involve considerable error, Experimental data shown

in the curves which follow represent everages of a number of observations,

and are intended to be the best possible e¢stimatcs regarding the operation,

In Fig. 12 is plotted a geries of data obtained with the angle cf

the load impedance zero, so that the load is a pure vesistance Hb.

The parameter for the curves is the peak a=-c control-grid voltage, Eg.

The maximum positive instantaneous grid voltage, €. ms €3N be found as

€n = Eg - Ecl = mg - 320 volts,

The top curve of Fig, 12 applies when the gain control is at its maximum
setting, The a-c grid voltag: is quite distorted from a sinusoidal i
waveforn at this maximum sctting, as evident in Fig, 10, and it is

rather meaningless to specify a value for Eg. For lower settings of the

gain control, the voltage is a reasorably good sinuscoid,

The power supplied to the load during the pulse can be found as

a7 2
Pb Ep /2Rb.
Since both Ep and Rb are given in Fig. 12, power can be calculated,

Curves of power are plotted in Fig, 13, calculated [iram the datu of

Fig, 12, In Fig. 14 are plotted the same data as in Figs, 12 and 13, !

but using different axes, Here, contours of ccnstart Pb and Zb ave

| shown, plotted as solid lines,
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The peak value of the fundamental ccmpeonent of plate current, Ipl’

can be found as

Values of I calculated thus, are plotted in Fig. 15. The peak value

pl’
of the total space current can be found fram the peak voltage exdisting
across a small resistor of knovm value in the cathode circuit, This

peak cuirent, ism’ is plotted in Fig, 16, The space current, cf course,

is the sum of plate, screen—grid, and control=-grid currents, The peak
plate current, ihn’ is larger than Ipl by a factor depending upcn thc

angle of plate-current flow, ap, and the properties of the tube,
Characteristicelly, this factor is betwoen two and four, For conditions
such that both Eg and Ep are large, currents to the grids also are

large and ism is considerably larger than ibm'

A1l data plotted in Figs. 12=16 were taken with the angle of the
load impedance fixed at zero, and with variable magnitude of the impedance,
In Fig. 17 are shown similar datz obtained with a fixed masnitude for
the load impedance, but with the angle allowed to vary. The magnitude
was held corstant at Zb = 500 ohms, which is about the value giving
maximum power output ai ine maximum available grid drive, From Fig, 17
it is apparent that both the a-c plate voltage Ep and the peak space
current iam are essentially independent of the load angle @, at least
within the accuracy of measurement, Power supplied to the lcad can be
found as

P = (Ep?/zzb) cos €
and is plotted also, Since Ep and Zb do not change, Pb varics as cos 8,
1 Additional oscillograms of the envelope of the a=-c voltage across

’ the load impedance of the amplifier are shown in Fig, 18, In all cases,

the magnitude was adjusted to give Zb = 500 ohms, while three different
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angles were used, 8 = 0, 45, and 60 degrees, inductive, measured at.

the carrier frequency of 29 kilocycles. The magnitude of the load
impedance as a function of frequency is plotted in Fig, 7, For the
adjustmeats thiat give an angle different from zero, the impedance has a

maxime. at other than the carrier frequency of the pulse, As a result,
transient ostillations occur at tiae beginning and end of the pulse, and
the shape of its envelope is distorted, |

V. Comparison of Analysis and Bxpeyiment |
In the analysis (Ref.. 1) of a Class~C amplifier a method is given

for predicting the performance of tke amplifier fram static data for |

the tubte, These static data must be available in order to apply the

analyeis, Currents and voltages ex’sting in the tube of an amplifier

opereting in the steady state are rdiatively small, Static data

cencerning the tube with such small eurrents and voltages can be obtained

with little difficulty by straightfciward d-c measurement, Currents

and voltages existing in the tube of an amplifier in pulsed operation

are many times higher than those of ¢he steady-state amplifier, Static

data for such large currents and voliages cannot be ootained by simple

d-c measurements without destroying the tube, As a result, pulse

measurements are necessary to find the static data required to describe

the pulsed amplifier, Equipment needed to obtain such pulsed data is

rather similar to the equipment of the pulsed amplifier itaelf..
The amplifier of the Type XQHB sona: functions at high power with

pulsed operation., Static data for the Type 5D21 tubes used as they are

in the amplifier cannot be obtained uy simple d~c measurements, These

tubes were designed for radar pulse generators, working at very high

voltages and short pulse durstions, 1leveral families of static charac—

teristic curves for Type 715-C tubes (approximately equivalent to the
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Type 5D21) are publishad by tube manufacturers, but the ranges that are

covered are more appliceble to a radar system than to the present sonar
system, In particular, the screem=grid voltage used in the sonar
amplifier is less than the values which appear in the published static
lata,

It is possible, of cuurse, to extrapolate from publish:d data and
obtain an estimate of the static curves that should apply for scue lower
screen voltage, The result of such an extrapclation is shown in the
dotted curves of Fig., 19, These curves represent an idealized sstimaicn
of curves which might apply to a single Type 715-C tube, operating with
a screengrid voltage € = 380 volts, This is the screen-grid voltage
existing in the experimental amplifier, 1In Fig, 1 it is assumed that
the plate current is independent of plate vcltage, so long as ithe plate
voltage exceeds = value determained by the sloping line st the left of
the figure, These estimated curves can be compared with the curves

of Fig. 2, applying to the Type 715~C tube with e _ = 800 volts,

c2
In the analysis of the amplifier it is assumed that the plate

current ib of a tetrode (such as the Type 5D21) can be described by

the equation

1y = Gegy + e oofby,)’
where 8. is the control=grid vaoltage, e is the screen~grid voltage,
G! is the perveance, P is the control-grid-to~screen~grid amplifica=-
tion factor, and 8 is the exponent, A term eb/”lp may aloo appear in
the parenthesis of this equation, but usually it can be ncglected, The
three parameters Gt, Hyo9 and B are determined from the static curves

for the tube, The performance of a Class=C emplifier employing the tube

is given in families of charts, of which Fig, 20 is a sample.0
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Additional parameters appearing cn these charts are reference voltage ey

and reference current iJ. Reference voltage & is found as

o3 = B/ (eqpyp) = B/, -
Here Ecz is the d~c¢ screen voltage of the amplifier, and a is a constant
given the numerical value, a = 2, throughout the analysis, Reference
current il is found as
i) = 61(e))P,

Voltage em is the minimm instantaneous plate voltage during a cycle
of the amplifier; voltage e is the maximum pocitive instantaneous
control-grid voltage; voltage Ebb is the d-c¢ plate supply voltage,

The chart of Fig, 20 is but one of 2 family of sucnh charts aprlying
for different d=c control-grid bias voltages, Thic bias voltage is

specified by a factor

a, = B/ (E/by,)

where Ecl is the bias voltage, In Fig, 20, a = 2, corresponding to a
bias voltage twice the cutoff value, The load impedance for Fig, 20 is
assumed to be a pure resistance so tihat its angle is € = O, The perform-
ance of an amplifier with paramete:s a, = 2 and © = 0 is described by
Fig. 20, If the quantities 8, s il’ and Ebb are gpecified for the
amplifier, then the values of output power Pb and load impedance Zb can

be read from the figure for any chosen combination of voltages em and

©em®

The power armplifier of the Type XQHB has two Type 5D21 tubes with
their eclements connected in parallel. T7The value of the amplification
factor, Hyps for a Type 715~C tube can be estimated from the static
curves for this tube, malking use of the definition

By ® -Aecz/Aecl for constart i, .
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For median values of plate current, the value of Hyo is appraximately
Byp 7, changing slowly with plate current, Near plate-current cutoff,
however, B1o drops abruptly and at cutoff its value is about Hyp 2e5
These numerical values are found making use of manufacturer!s data with
a screen voltage of 800 volts, The numerical value of ) should not
change radically with screen voltage, however, It is assumed that these
values of B1o apply e2lso to the Type 5D21 tubes, operated with a screen
voltage of 380 volts,

The grid-bias voltage in the power amplifier is Ecl = 320 volts,
Thus the value of parameter a, is

a, = Ecl/(Ecz/p]z) = 320/(380/2.5) = 2,

approximately, Since parameter 2, is uged in the analysis to specify
cutoff conditions, the value of Byp = 2,5 applying near cutoff is used,
The result, a, = 2, is the vaiue of paramecter a, for the chart of Fig, 20,
Thus, Fig, 20 should be useful in describing tie operation of the
amplifier,

It should be possibtle to take the estimated (dotted) static curves
of Fig. 19, and to determine from them values of quantities G! and B,
and then to predict the operation of the actual amplifier from Fig, 20,
observing that two tubes operate in parallel in the amplifier, When
such a calculation is carried out, however, the agrecemnent between
observed data and predicted data is poor, particularly for large grid-
driving voltages, Observed power output is consistently less than that
predicted,

In order to try to locate the reascn for this disagreement, a
calculation was made in the reverse direction, Experimental data are
plotted in Fig. 14 in a manner aialogous to Fige. 20, Thus, it is

possible to choose certain points on Fig, 14, and from these points to
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12 il, and 8 which will give better

work back ard find values of e
agreement with Fig, 20, ‘"hen this is dune, the resulting numerical
va'ues for a single tube are found to be

el = 27 volts

il = 0,55 amperes

B =13.
This value of ey is correct to fit the relation
e * Ecz/z“lz = 380/(2)(7) = 27 volts

as it should be, Here, the value of Byo applying to medlan plate
currents is used, The value of il for two tubes in parallel, es in
the amplifier, is twice that for a single tube,

If these numerical data are used with Fig, 20, predicted curves
of Pb and Zb can be found, Such curves are rlctted as dotted lines in
Fige. 14, The agreement between the observed and predicted curves of
Fig. 14 is moderately good, The largest discrepancy occurs where the
minimum instantaneous plate voltage is smallest, Whorc the plate
voltage is small, the assumption that the plate curren: is independent
of plate voltage is poor, as is evident from Figs, 2 and 19, At small
plate voltage the plate current is smaller than expected, and the power
output is reduced, This is the direction of the difference between
vhe curves of Fig, 20,

The perveance G! needed to give the values of ey and il used in the

calculations can be found as
Gt = 1,/(e))P = 0,35/(27)1*% = 0,005 amp/vort?

for a single tube, The resulting parameters, G!' = 0,005 amp/voltB,
B = 1,3, and Myy = 7, can be used to predict static curves for the

tube, A family of such curves is plotted as solid lines in Fig. 19,
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It 13 evident that currents predicted from these curves are consistently

smaller than those predicted from the curves obtained as extrapolated
estimetes from manufacturerts data, The two sets of curves would be
brought 1nto.fair ~greemeni, il the value of G! were changed by about
fifty percent,

a further check on the perameters of the tube, static data were
obtained for a single Type 5D21 tube with all voltages scaled down
sufficiently to ~llow simple d-c meacurements without exceeding the
power ratings for the tube, The results of these low-voltage meesure-
ments are shown in Fig, 21, The value for the control-=grid~to~plaie
amplification factor, ""lp = 220, is large enough that the quantity
ot/p-_) usually can be neglected without introducing serious error, The
value for the control-grid-to~screen-grid amplification factor, H1o™ L5,
is ressonable., Values of H1o estimated from manufacturer!s data for
the Type 71.5-C tube were By, = 7 for plate currents of several amperes,
and Bys 2.5 at cutoff, The value of Hyp = L5, for :Lb = 100 milli~
amperes, is a mean of the other two values, The logarithmic plot of ib
and the quantity (e, + °c2/“12 + el/“lp) gives values of B = 1,3 and
G' = ,0045 amp/volta. These values agree well with those estimated
from dynamic measurements on the power amplifier,

There is little reason to conclude that mcasurements at reduced
voltages, cuch as these, ars useful for finding parameters of the tube
when operated at much higher voltages, for the agreement obtained here
may well be fortuitous, However, the fact that agreement is obtainsd
makes it seem likely that the manufacturert!s data for the Type 715~C
tube do not apply well to the Type 5D21 tubes actually present in the

experimental amplifier,
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The conclusion may be drawn frac all these Zeasurements that a
eingle Type 5021 tube, as used in the power amplifier, can be desrcribed
fairly well by the parameters, G! = ,005 amp/volts, B = 1.3, and uy,=7
for median currents. At cutoff, the value of 1o drops to Bip ™ 2e5e
With these psrameters, the charts of the thcorctical analysis, such as
Fige 20, can be used ¢ predict the perforwance of the amplifier, with
sufficient accuracy for design purposes.

Most of the preceding discussion has been concerned with thc case
of a load impedance that is a pure resistance with zero angle, Experi=-
mental data, such as those plotied in Fig, 17, indicate that the
Type 5D21 tubes are a reasonably good approximation to the ideal tetrode,
In other words, the plate current is almost independent of the plate
voltage, and is determined by voltages at the control grid and screen
grid, This statement holds so long as the instar*-neous plate voltage
never becames too small, Sincc the grid voltages are not influeiced
by the plate load impedance, the plate current is independent of the
load impedance, Thus, the effect of making the load impedance complex,
with angle different from zero, is primarily to change the power developed
in the load, If the magnitude of the load impedance is held constant,
and the angle changed, vower in the loac varies as the cosine of the
angle, Power changes only slowly near zero angle, but rapidly becomes
smaller as the angle departs farther from zero,

In conclusion, it is well to observe again that there are a number
of reasons why experimental data concerning the power amplifier are
not in good agreement with data predicted from the theorctical analysis,
Auong the rcasons for this discrepancy are tlie followinge

1, Experimental data are obtained cnly with some difficulty,

Because the duration of the pulse, during which tiiae the amplifier
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operates, is short, measurements must be made with the aid of oscillo-

scopes, rurther, several seconds must elapse between pulses in order
that d-c voltages return to the proper values, Nuerical data taken
from the trace of an osciiloscope have only limited accuracy, The
figure on the screen is relatively small campared with the width of
the trace and considerable error is involved in just the geometrical
measurement, In addition, the calibration of all amplifiers and voltage
dividers supplying the oscilloscope influences final numerical readings,
One of the most important quantities in describing the operation
of a Claso~C amplifier is the maximum positive instantaneous control=
grid voltage, eem® This voltage cannot be measured directly, but nust
be found as the difference between the peak a~c grid voltage Eg, and
the negative grid—bias voltage Ecl’ thus

e =F ~E
cm g c

1°
However, both Eg and Ecl are relatively large quantities while B i=
much smaller, Therefore, tho error in finding L is magnified with

respect to tne error in either Eg or Ecl'

Finally, because of uncontrollable variations in the system, no
two pulses are exactly alike, This is especially noticeable for small
values of ®.m® As a result it is difficult to get a set of quantitative
data that is self consistent,

2, Nune of the d=c voltages supplied to the tubes remain ccnstant
during the interval of a pulse, The currents required by the amplifier
during a pulse are so large that the small power supplies cannot deliver
them, Instead, capacitors across the powver sujplies must discharge
sufficiently to provide the necessary energy. Even though these
capacitors have large vclues, all .he voltages fall by amounts that are

not insienificsnt during the duration of the pulse,
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Still larger values of capacitance would reduce these drops in
voltage, but increases of several times in the already large values
woulil ve needed to give any real improvement,

3. The a~c voltage at the grids of the amplifier tubes is not
einusoidal, This effect is shown in Fig, 10, which illustrates the
flattening of the positive half cycle of the grid voltage. This figure
applies to the case of the maxdmum a~c grid voltage obtainable with
the equipment, Essentially the same effect occurs at lower voltages,
but somewhat reduced in magnitude, The distortion in waveform comes
about because of the very large current that flows in the control-grid
circuit when the grid becames positive, According to manufacturerts
data, the grid current in one tube is about one ampere when the grid
is 10C volts positive, For the two parallel tubes, the equivalent
instantaneous resistance therefore is about 50 ohms, The internal
output impedance of the driver must be less than this figure if distor—
tion is not to occur, The cambination of large a-c voltage and low
impedance thus required of the driver could be achiecved only by a
driver amplifier of large power capabilities, Such a design is
unreasonable, Therefore, a driver amplifier of practical design must
be used, and the resulting waveform is distorted,

The operation of the amplifier is modified and the experimental
measurement of the grid voltage is complicated when this voltage is not
sinusoidal,

4, The a-c voltage at the plates of the amplifier tubes is not
sinusoidal, This voltage is more nearly sinusoidal than is the grid
voltage, however, The a=c plate voltage is develcped across the load
impedance by the actinn of the pulses of plate current in the icad., The

resulting voltage across the load will be sinngoidal only if the
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impedance of the load is very large at the carrier frequency of the

pulses, and very small at all harmonics of this frequency, Such is
never the case in practice, and the plats voltage always ie 3umewhat
distorted,

In a tetrode, the plate current is relatively uninfluenced by
plate voltage, so the operation of the amplifier is not changed greatly
by a nonsinusoidal plate voltage, Measurement of this voltasge is made
inaccurate because of distortion, however,

5« It would be desirable to determine the plate current ib in the
experimental measurement, Bezause of the need to use an oscilloscope
for measurement, only voltages can be observed, Thus, a current can be
found only in terms of the voltage drop it produces across a small
known resistance, In the cxperimental amplifier, the most suitable
place to locate such a resistor is at the cathodes of the tubes, This
location allows only the total space current is, rather than just the
plate current, to be observed, The space current is larger than the
plate current by the amount of the currents to control grid and screen
grid, For positive control-grid voltage, these grid currents are com~
parable to the plate current,

6. The Type 5D21 tubes in the amplificr operate in such a way
that the assumptions of the theoretic:”™ analysis apply to them only
moderately well, In the analysis, the plate current is acsuned to be
independent of the plats veiteze so long as thc plate voltaye 1s at
least half the screen voltage.o As is evident from Fige 2, thic is not
true for the Type 715~C tubes; Furthemore, it is assumed that the
control~grid-to~screemrgrid anzlification factor Byp is a constant,

Agiain, for the tubes of the amplifier, this fac‘or changer by a ratio
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e See Appendix B,



TR P S w W

—m—

42

of almost three—to-one as the plate cwrent increases fran cutoff to a

median value,

Because of these various differences which exist between conditions
in the experimental amplifier and those assumned in the theoretical
analysis, it is nardly surprising that agreemcnt between sets cf data

obtained in the two ways 1s only moderately good.

VI, Comments on Amplifier Desisn and Operation

In a gy tem such as the Type XQHB sonar, there usually is interest
in obtaining cs much povwer as possible from the smplifier, For this
reason, the following communts are off{ered regaiding the ampliifier
used in the experimental work,

The power actually supplied to the final outpu* device, such as
the transducer of a conar sys*em, is only a portion ¢! Lhe power developed
by the amplifier, There is always loss of power in coupling circuits
between the tubes and the output device, Thic loss of jsower can be
minimized by proper design of the coupling circuits., Just how this
can be done depends upon details of the systen in question, and is not
considered here, The problem of getting maximum pover from the tubes
is considered,

The powcr developed in the load is

F, =(1/2) I 22 cos @

b pL b
where Ipl is the fundamental component of plate current, and Zb and €
are magnitude and angle of the load impedance, For a tetrode, such as
the Type 5D21, the plate current iz determined almost entirely by
voltages on control grid und screcn grid, su long as the a-c plate
voltage is not too large, If the a-c nlate voltage Ep becones toc

large in comparison with the d=c plate supply vcltaze Ebb’ s0 that the
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minimum instantaneous plate voltage

®m ~ Ebb - Ep
is too small, plate current is reduced by the iow plate voltage, So
lo:g as L. is ot too small, I pl is essentially independert cf the
plate load impedance, Practicaily, if Zb is mads so large that Ep
approaches Ebb’ then I ol drcps, If Zb is smaller, 1 pl depends only
upon control-grid and screen~grid voltages,

Output power will be increased if Ipl is increased, for a constant
value of Zb cos 8, The size of Ipl depends upon the peak plate current
1hn and the conduction angle a.p, increasing with Yoth these quantities,
The peak current is increased by raising either the d-c screen voltage

E o9 OF the maximum positive instantaneous control=grid voltage,

The plate-current conduction angle is given by

1 E<:1 - Ecz/“lz“
E

[4

a_ =2 cos
p
-

It is increased by increasing either E 2 °OF Eg, or by decreasing Ecl'
Thus, the implication is that larger I ol (ani thus, pover) will be

obtained by raising either Eg or E and reducing E

c2? cl®

There are several limitations here, If Zb cos 8 is held constant,
there will be no increase in a-c plate voltage, and thus in powor, as
soon as the product Iple approaches in valuc the d-~c plate supply
voltage Ebb‘ Purther, if € becomes too large, excessive control=grid
curront will flow, Such current must be supplied by the circuit driving
the grid, Thus, the required driving power is increased, At the same
time, the power dissipated at the grid is increased, and the rating of

the tube may be exceedsd,
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In & pulsed amplifier, such as tlha*t of the sonar system, care
must be t-ken to keep the tube cut off between pulses, Thus, an
increase in Ec2 must be accaupanied by an increase in Ecl’ rathar than
the decreasec that wouid give larger ap. Practically, in a pulsed ampli-
fier, the ratio EcZ/Ecl must be held about constant, The voltage that
has the greatest effect on Ipl is the voltage € m® An increase in e
increases the current Ipl’ but at the expense of a rapid increase in
driving power,

The d&-c¢ and a-c voltages in the amplifier of the Type XQHB seem to

be well-=chosen, An ircrease in voltage E_, would zive slightly

c2
increased Ipl’ but 4 large change could not be expected, It would be
necesgsary to raise Ecl and Eg along with Ec2’ and any incregse in power
cutput would be accampanied by an incr ase in driving powcr, In
addition, any increase in Ec2 would reguire a considsrable increase in
the physical size of the components in the power supply providing this
voltage,

An increase in Eg wouldlincrezse Ipl’ tut with tne necossity of
increasing the driving powor, The driver amplificer already employs a
tube of the same type used in the powor amplifier, It secms unreasonable
to increase the size of the driver amplifier furthor, Moreover, any
egizable increase in Eg will exceed the voltage ratings for the control
grid of the Type 5D21 tube,

Probably the simplest way of incrcasing ths puower oulput froa
the amplifier would be to raise the d-c plate supply voltage Ebb’ This
voltage could be increased considerably and still not cxceed the rating

for the tubes, An increase in E , would not change current Ipl appre~

bb
ciably, However, it would allow the use of a higher value for Zb and

still not have voltage Ep aroroach too closely to Ebb’ The maximum

o — S EA—
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output power would increase approximetely as the squarc of Ebb‘ An

increase in Ebb would require physically larger components in the plate

-

b power supply.
A third tube could »e added in parallel wilh the two tubes already

in the power ampiifier, This would neccssitate an increase in the
driving power, although the increase might bes obtainable from the
present driver amplifier with no change, The plate power supply also
would have to be enlarged to allow for the en‘ra current,

The two tubes of tie power amplifier might be connected to operate
in a push-pull circuit, rither than in parallel, Insofar as the plate
circuit is concerned, this connection might not be advantageous, The
optimum plate-to~plate lcad impedance for the push-pull circuit would
be four times that for the parallel circuit, A ceatcr=tapped output
transformer, with suitable impedance ratio, would be nceded, The a=c
voltage existing across the revised plate load would be twice that for

the parallel circuit, so that insulation problems would be increased,

The value of the twning capacitance across the load would be reduced,
however, because of thc increased impedance, For cqual drive in the
grid circuit, the vpowers dev:loped in the load with either connection
would be the same,

Any advantage of the push=pull circuit would come about from
effects in the control-grid circidt, Maximum platc current in the tube
is governed, in part, by the maxdmum positive control-grid voltage tha
can be obtained from the driver amplifier, %“his maximum grid voltage
is limited by the power capabilities of the driver, The pcak instan-
taneous power that the driver must supply to a single tube is E i

g em?

{ where Eg ie the amplitude of the grid voltage and icm is thz maxdimum

instantaneous grid current, Tho averare driving power is Eglgl/z’
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where Iel is the fundamental component of grid current, Since icm is
many times Igl’ the peak driving power is many times the average driving
pover,

If two tubes arc operateu in parallel, bvoth icm and :gl will have
twice the values for a single tube, and the ratio between peak and
average driving power is unchenged from that for a single tube, If
two tulbes are operated in push-pull, Igl is twice that for a single
tube, but icm has the same value as for a single tube, This constancy
of icm caned about because the two tubes of the pusirpull circuit
operate ovn alternate half cycles, and only one grid draws current at a
time, As & result, the peak driving power for a push-pull connection is
the same as for a single tube, while the average driving power is doubled,

rthe maximum instantaneous positive control-grid voltage that can
be developed often is limited by thc required peak driving power, for
the customary design of a driver ampiifier, Thus, the implication of
the foregoing discussion is that for a given driver amplifier of typical
design, a higher a=-c grid vcltage possibly cen be cbtuined with a push=
pull connertion than with a parallel connection of the ..ower emplifier,
The increcased grid drive is useful only if voltage and dissipation
ratings in the grid circuit are not excecded, In any casc, a special
push-pull driver transformer is required,

With any design for the power amplificr, thc magnitude 2, of the

o

rlate load impedance shouid be large enough that the a=c veltage seross
it approaches in value the plate supply voltage, This choice of Zb is
dependent upon the chcice of operating voltages for the tubes, For

the amplificr as used in thc crperiments, with the maximum obtainable

grid driving voltage, the optimwi load inpedance is ia the order of
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500 ohms, as seen from Fig, 13, In any case, it obviously is desirable

tc have the angle © of the load irpedance as small as possible.

Pulsed operation brings in the additional consideration of the
shape of the envelope of the pulse, The envelope should rise and fall
smoothly, without overshoots or ringing. Overshoots give excessive
voltages which may cause insulation breakdowms in the system, Ringing
effects, in general, represant a spread of .nergy into frequency bands
where it is not desired. A smooth envelops on the pulse coming out of
the amplifier requires a smooth envelops cn the pulse applied to its
grid, In addition, the load impedance of the amplifier should have a
single maxdmum at the carrier frequency, and snould drop smoothly at
other frequencies, Any sharp peaks on the impedancs curve, at other
than the carrier frequency, will leac to ringing effccts, A load
impedance involving the irnterconnect” »mm of a nuuber of resonant elements
is almost certain to show undesirable variations in impedance, unless
it has been carefully designed,
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Appendix A. Envelope of Resporse of Pulsed Anplificr

The instantancous »late current of a Class-C anplifier consists of
a sequence of short pulses, Their repctition frequency i3 the frequency
of the carrier driving the amplifisr, and the shapc of an ‘ndividual
pulse depends upon the adjustment of the amplificr, These pulses of
current are applicd to sare sort of tuned load circuit, The imnpedarice
of this load normally is choscn to be high at the carrior freaquency and
low at othor frequencies, As a rcsult, the load acls 2s a filtcr and
the voltage appearing across it (i.c, the a~c plate voltage of the
amplifier) is essentially sinusoidal, Filtering action is improved,
and the voltage ix mor: nearly sinusoidal for a load that is mora
sharply tuned or that has a higher circuit Q. The voitage appearing
across the load can be found by resolving the plate-current pulses into
their Fourier components. Thce products of each caponent of current and
the impedance of the load at the frequency of that component give the
components of voltagc; Tho sum of thc component. voltages is the total
voltage acruss tne load,

If the amplificr is subjected to pulscd opsration, the train of
plate-current pulcses is turned off and on., The a-c voltage across tha
load builds up and decays in accordancc with the changes in current,

If the impedance of the load has a sharp maxinmum at the carrier frequency
of the current pulses, thec envelope of the voltage across ths load will
change amoothly as it bullds up and decays., However, if the impedance
maxirun of the load occurs at a frequency different from the carrier
frequency, as may occwr with certain operational resouirements, the
envclope of the voltaze across the lowed miy show the phenoiienon of
ringing. Oscillation of thc¢ cenvclope taics vlace, with resulting over—

shoote in the amplitude of the voltage, beyond its steady-state value,
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A mathematical analysis of this effect is reasonably cc.aplicated
because of the larg’ number of parameters that must appear in the
discussion, A simpler situation, formally quite similar to that described
above, is the following, A low-pass system excited by a2 d=c «ignal has
2 response analogous to the envelope of the response of a band-pass system
excited by a corresponding a-c signal.l For a qualitative discussion,
it is sufficient to consider a low—pass system excited by a d-c step
function,

A circuit that is siniple to analyze, but vhich illustrates the
phencmena involved, is shown in Fige Aels It consists of an inductance L,
a caracitance C, and a conductance G, connected in paralle”, A current i
is supplied to this parallel combinatioii, and as a result a magnetic
flux ¢ appears in the inductor, This {iux is taken as the total flux
linkage, so that the voltage appearing across the inductor is merely
the time derivative of

If the current supplied to the circuit vari- sinusoidally with
time, as i = I sii wt with amplitude I, the amplitude & of the resulting

flux is given as a function of the angular frequency o by the equation
- 5 7/
g/LI = (2:111)/(»0")2 + (wz/(.uo2 - 1)7.] 12

where a » G/2C and w°2 a l/Lc; The quantities & and w are plotted as
normalized ratios to give a family of steady-state response curves in
Fize Ae2, with the paraneter being the circuit Q. For this circuit,

Q = Gwo/G = wo/Za. If Q is somewhat greater than unity, the response
shows a maximum near w = w3 if Q is samewhat less than wiity, a maximm

occurs at w = O,

1, E, C. Cherry, J, I, E, E., R, III, 183, (1945)
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If the current supplied to the circuit is a step function, as i = 0

for t <0, and £ = I for t >0, the resultins instontaneous flux, for

-
s L}

t>0, is given by the equation
g/LI = 1 - exp(-at)|cos Wt + (a./wl) sin “’1{]

where w12 » w02 = a®, Initial conditions of § = 0, d/dt = 0, at t = O,
are assumed, The quantities g and ¢ are plctted in normalized form in
Figs AJ2 to give a family of trausient response curves, with the parameter
again being the circuit Q, Ultimately the ratio ¢/LI always approaches

unity, For large Q, oscillation occurs zbout thic ultimate value; for

' small Q, the ultimate value ic approached monotonically,

i The case of small Q in the analogue of this example is equivalent
to the case oI the pulsed amplifier with the maxdmum irpedance of its
load circuit occurring at the carrier frequency., The maximum steady-
state response for the analogue with small Q is at zero fiequency, the
frequency of the direct current of its exciting step function, For

this situation, the transient responce approaches its ultimate value
monotonically; the envelope of the responsc of the pulsed amplifier shows
no oscillation,

The case of large Q in the analogue is equivalent to the case of
the amplifier with the maximum impedancc of its load occurring at other
than the carrier frequency, The maximun steady-state respcnse for the
' analogue with large Q is at the frequency w = W, s different fram the
‘ zero frequency of the exciting step function, For this condition, the
transient response shows oscillations wnich may have an instantaneous
value approaching twice the uliimate value; the envelope of the response

‘ of the pulsed amplifier shows ringing with overshoot.2

- e e w W B W ) W e e T W W W 0 W W W W m W e w W W o W T w W e w W ™

2, E, C, Cherry, J, 1, E, Z., 23, J1I, 19, (1942)
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The umount of ringing which occurs in the pulsed amplifier will
i be greater for a load impedance that is more sharply tuned, o~ for a

driving pulse having an envelope that changes nore atruptly,
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Appendix B. Correction of Output Power
. It has been assumed in the analysis tkat the plate current of a

sre.,

tetrode or pentode is independent of plate voltage, so long ac certain :
restrictions on the magnitude of the minimun instartaneous plate voltage !
are observed, While this represents a good approximation for many types

of tubes, for other tubes the appraximation is poor, It it desiralle

to make an estimate of the error invclved,
There are two major effects to be considered, First, angle ¢

between the alternating grid voltage and the negative of the alternating

plate voltage may not be the same as angle 8 of the plate load impedance,

r If this is so, output power cannot be found in terms of angle 8 alone.
Second, there is the direct effect of plate voltage on the magnitude

of plate current,
1l

It has been shown that

| E z/“lpEg = 5in(8 -~ ¢)/sin @

and thet ¢ differs from 8 by a larger amount as € becomes larger. As |
an example, the case of 8 = 60 degrees is oonsidered, which is about as

baad an operational cendition as is likely to exist, Further, it is

assumed arbitrarily that the maximum permissable difference between ©

and £ is 5 degrees, Then, the ratio E r/“lpEg must not exceed

] sin 5%ain 60° =~ 0,1, If Eyp 18 much greater than E_,, as is typical in
| high-power amplifiers, and if the magnitude of the load impedance is

| adjusted for maximum power outpnt, the peak alternating plate voltage is
almost as large as the d-c plate supply voltage, Ep 4 Ebbl. Under these

assumptions, the curves of Fig, B,1 are applicable, The combiration of

1, Ref. 1, Report No, 1. The analysie there¢ is for triodzs, but the
equalion applies to tetrodes and pentodes also,

| i
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E‘bb and ES usad in the amplifier rust be below the line corresponding to

factor “lp of the tube, if the difference between angles € and g is to
be less than 5 degrees when 8 = $0 degrees, Similar curves may be
easily calculated for other values of 8, The curves are all shifted
upward if € is reduced, so the difference between 8 and ¢ becomes smaller,
It should be noted that this criterion gives a pessimistic answer,
since Ep is actually somevhat ‘smaller than Ebb‘

In the experimental amplifier from the Type XQHB sonar, typica.
valiues are Eob = 3000 vaoits #nd Eg = 500 volts, Factor “lp for the
Type 5021 tube is over 200, Fr=u Fig, A.4 it is apparent that the :
difference botween 6 and ¢ is small for this amplifier,

The instantaneous plate current in a tetrode or pentode is given

by the equatiorn

1, = Cllegy *+ Epfuy, + ey )P
In the simplified analysis the term eb/“lp is considered to be zero.
The other constants are evaluated with ey Ebb' In effect, the
ccnstants absorb the tem Ebl/“lp’ so that the implicit assumption
that e, = Ebb is made thereafter, Thus, in operation where e, may become
small, the actual current is less than that calculated, For 8 = ¢ = 0,
the assumed peak plate current is

(dy = B (ogy * Bggfhy,)?

in the analysis upon which tha design charts are based, Howcver, tha
true plate current is less, since now ey = € rather than 8, ° Ebb'
The change is Eb'o ~ o Ep, 80 the actual pecak plate current may be
approximated b,

’4 = .’}’,'o b L B
\-'un)z \"-'cx:l he bcz/ulz B;/ulp)

e B sl
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If it is assumed that the effect upon Ipl’ and thus on power output at
constant load impedance, is the same as =n the peak plate current ibm
(this implies constant waveform), a correction factor for the output
power may be given by the ratio

[(%)2]2 ) .em +E g{p ~ E im]zs
] 5“12

€N ®n * E

cm c
For typical operation of the Type 5D21 tubes in the XQHB amplifier,

with ®m = 200 volts and Ep = 2,00 volts, the power correcction factor is

00 + 380 -2002202°6_09
200 + 360/7 s

The power estimated from the simple analysis should be reduced by about
10 percent, If © = ¢ is not zoro, the reduction will be smaller since

then e, does not ocecur at the same instant as i,
oam bn
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